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SUMMARY: The problem of fatigue in shipbuilding is discussed from both the consideration of loads.and experimental results.
It is argued: that the way datd on the cyclic loading of ships are commonly presented is not optimum from a fatigue point of

view. For instance the usual neglection;of mean stresses is not justified.

This has'come.out of a co-operative research effort carried out in five European countries. The principal aim of that in-
vestigation was to gather information about the relative fatigue strength of ‘welded structures made of higher strength-steels ,

and mild steel.

The main aspect that has been studied was crack propagation.

B .

1. INTRODUCTION

. In 1967 the RINA published a paper on fatigue investigations

with large structural components carried out on the 1000
tons tensile- compression machine of the;Delft Ship Struc-
tures Laboratory(1). "The main purpose of that work was

to provide ship designers and classification societies with
realistic fatigue data. For that reason the specimens con-
tained severe discontinuities and the welding was-of average
shipbuilding standard, (see Figs: 8 and 14). The material
was' mild steel.

In the course of years ships became bigger and faster and
acquired large deck openings. Fatigue cracking developed
into a primary problem(®. The application of higher
strength steels did not improve the situation. On the con-
trary, the weight reductions allowed by classification
societies when these steéls were used were probably too
optimistic from a fatigue point of view. Many literature
referencesieanebe-qtioted-in-suppont;of_this-statement,;(se_e

tive and financial affairs. = . .
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‘general and fundamental approach to the problem of fatigue

in shipbuilding. A'reséarch programime, (7) vas offeréd o
the CECA Commission 'Fatigue et Constructions Types' .
(Chairman R. Salkin) and was accepted.” Thé responsibility
for the co-ordination: of the experimental work in‘the various’
laboratories and the .elaboration of all experimental results
was givens to the first author of this paper.. Mr J.J:L. Van; -
Maanen (CEBERENA) was responsible for the administra- ..

i

In Belgium thé experiments have been carried out 'in the

_ Laboratory for Strength and Welding Technology of the

University of Ghent by Mr de Lembre, (Director ‘Professor .-

. W.Soete). ... _ -

In Italy the work was done in the 'Istituto Policattedra.di

Ingegneria Navale' of the University of Genoa (Professors
Marsich and Tedeschi). Due to delays during outfitting of
the laboratory the results of the work concerned could not

__be included in this paper. For this reason the Italian results’

Section 4). Yet for many people in practice the picture is
not so clear because there exist also experimental results
which. seem to be favourable for-higher strength steels.  That
these results are often not relevant for ships is not always
understood. Some five toten years ago classification'societies
were also confused by the conflicting literature. They
expressed differing opinions on the matter ®,9_ Ref.5
was much criticised by fatigue specialists. Practical
experience forced some classification societies to correct
their over-optimistic rules, .

In 1969 thé German: Ship Research Centre (FDS) and'Ger-
manischer Lloyd—aware of the need for realistic experi-
ments—asked the Delft Ship Structures Laboratory to follow
up their earlier investigations @,6), The intention was that
the experiments should be repeated; but with specimens

‘made- of -St. 52. Because of the high costs involved contacts

were also'made with the Ship Research Centres of Belgium,
France, Germany and-Holland. They agreed to support
financially a co-operative research effort. In addition, the
European Community for Carbon and Steel (CECA) would
make a considerable contribution. This allowed a more

—— ' *

*Professor State University Ghent;Réader Delft University;
TPrincipal Scientific Officer; Delft University:

and also the corresponding part of the investigations carried
out in Belgium (bending of longitudinals) will be reported in
the near future. -

In Germany, Professor S. Weiss (FDS) and Professor H. *
Petershagen supervised the experiments carried out in the L
Shipbuilding Laboratory of the ‘University of Hamburg by’ '
Dipl Ing H..Paetzold. . o .

In France Mon M. Jourdain, Directeur Général de 1'IRCN, and’
Mon E. Castellan contracted the Laboratory of the French
Navy for their ‘part of the programme which was‘realised

by Mon Peyrat.

In Holland Ir W. Spuyman,and Ir Th, Lahf”(NSS-TNO) main-
tained the necessary contacts with the Delft Ship Structures
Laboratory. ’ o .

[ . L
A special word of thanks. is-die to Messrs J.van Lint,R.T.
van Leeuwen, R. Vonk atid B. van' Triest of the Delft Ship
Structures Laboratory-for the c¢areful elaboration of a large
quantity of experimental results. "

It is not the aim.of the present paper to give a full'account
of the results and conclusions of the co-operative research
effort. For that the reader is referred to Ref.8. For this
Institution it.was thought to be 'more appropriate’to give a ~
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general discussion about the fatigue problem in ship-
building, and highlight some particularly important or contro-
versial aspects. Among the latter are the role of mean
stresses in connection with constant amplitude and pro-
grammed loadings; the prediction of fatigue life of ship
structural details with the aid of unwelded notched plate
specimens; the value of fracture mechanics for the evalua-
tion of test results and for the calculation of fatigue life;
the value of rules for life estimates such as that due to
Palmgren-Miner; the danger of fatigue cracks in ships and
last but not least the advantage of using higher strength
steels in relation to fatigue.

2. STATE OF AFFAIRS

2.1 Historical

For many years shipbuilders have shown little interest in
fatigue problems. In 1962 Yuille succeeded in bringing the
matter to the surface with a pertinent RINA paper(9. The
esgence of his reasoning was: 'Do fatigue cracks develop
in ships or not? If not, it has no sense to measure all wave-
induced stresses. For then only the highest absolute values
of stress are of interest in connection with the strength of
ships'.

With the aid of Fig.1 Yuille tried to demonstrate that indeed
ships are not in danger of fatigue. It does not invalidate the
great merits of his paper when it is said that the figure was
not absolutely convincing. The load data belonged to the
OCEAN VULCAN, being a ship of rather conservative
design. The fatigue test data were not very accurate. ( This
was not Yuille's fault. Only very few data on the fatigue
behaviour of structures were available). Yuille's argument
that in the OCEAN VULCAN fatigue cracks had never
developed, was offset by Vedeler's information¢19, Once
129 cracks had been observed in a 41 year old tanker.

In order to clarify the matter Nibbering(11) made use of
Bennet's data on longitudinal wave bending of two fast dry
cargo ships, the CANADA (9085 tons dwt; 19 5 knots) and
the MINNESOTA (7280 tons; 19 knots(13,149, He corrected
the frequency distribution of the longitudinal wave bending
stresses for:

(a) slamming and whipping, (see Fig. 2);
(b) changes in temperature and loading condition;
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(c) changes in water pressure on the bottom;

(d) influence of corrosion; : C
(e) actual peak to peak values, (see Fig 3).,

He also converted the cumulative frequency d1str1bution
into a line each point.of which represented the.complete load
history of the ships. For these fast ships the correction
for slamming proved to be very important, (Fig. 4). At that |
time the first results of axial fatigue experiments with. mild
steel tanker longitudinals had becoine available. When they
were compared with the deck 'fatigue loading line', (Fig 4),
it was evident that fatigue cracks might occur. Yet the
outcome was not too pessimistic, for the structures tested
incorporated severe discontinuities (Figs. 6, 14), and even
with these only small cracks could develop.

2.2 Danger of fatigue cracks

The.only unknown was whether small fatigue cracks are -
dangerous from a brittle fracture point of view. In this: -
connection it is important that cracks always develop at
weld defects (undercuts, lack of penetration etc.). As welding
generally impairs-the notch ductility of the parent metal,
the danger of brittle-fracture may be redl as long as the tip
of a fatigue crack is situated in the welded region. It may
be concluded that for modern ships, made of excellent fine
grain steels, small cracks are often more dangerous than
long ones. The scope of this paper does not permit a -
thorough discussion of this important point, The reader is -
referred to Ref.1 and to Fig. 5 of Ref. 12. The earlier
-mentioned mild steel bottom longitudinals (1) indeed frac-
tured in a brittle manner at temperatures below —10°C and
at nominal stresses equal to 2/3 of yield stress. -In con- .
trast to this the specimens.of St. 52 discussed in the pre-
sent paper all fractured only.after extensive deformation.

The nomindl stresses exceeded the yield point at tempera-
tures as low as —=30°C. Consequently when proper steels
and weélding methods are used fatigue cracks are not
dangerous provided that they are not too long.. The.critical
crack length for shear fracturing can be easily calculated
with the aid of fracture mechanics. Mostly it is in the order
of magnitude of several metres!| ! .

very safe -

eg weld +HAZ
A_

Kic for temp=t9

escape notice because of -their unfavourable position and
orientation. Many defects are sharp notches. When locally
the cyclic stresses are high enough, fatigue cracks will

often start growmg after a relatively small number of cycles.

In the structura.l specimens of Fig.14 at 200 N/mm?2 a ¢rack
started‘after 1600 cyclés, reached a length of 4 mm after

8500 cycles;and 20-mm after 20, 000 cycles. In Figs. 11 and -

12 the mechanically notched plate DH 19 had a 1 mm crack
after 8000 cycles.and a 20 mm one after 40,000 cycles. The
growthifrom 1 to 20 mm took 32,000 cycles. The logarithms
of 40,000 and 32,000.are practically equal: 4-8 and 4'5.
Consequently. neglection of the number of cycles-necessary
for the. initiation of the crack hardly influences the position
of the Wihler-curves for 20 ' mm' crack length.

From the foregoing the conclusion may be drawn that for
shipbuilding, experimental data about the resistance of
structures torcrack-propagation are of primary interest.
‘The advantage of neglecting the initiation time is that the -

‘influence of a number of difficult-to-grasp parameters.is

excluded (scatter). ‘Furthermiore: calculations-of crack:
growth under constant and variable-cyclic 'load conditions
can be made with more confidence than the calculation. of
life time up to crack initiation. For many it will berattrac- .

tive-that such an.approach is on the: safe side. . -

It should bé’ emphas1sed that the approach is only advocated .
for structiral details’ which are frequently found in ships, =
For these, expensive and time- consuming measures in order.
to increase’the res1stance to crack initiation w1ll generally
not be ]ustlfied But for structural details which are not
numerous such as hatch corners of container ships and bulk
carriers, measures to 1mprove the fatigue strength pay .
greatly.

High quality welding and post-weld treatments may result
in considerable benefits. One need not only consider | .
grinding and plan1ng Undercuts are also highly 1mproved
by TIG welding 6r by peening; see Hotta et al(5); Kana-
zawa29; Gurney @7) and ‘Reemsnyder (s, Ta.kahashi as
observed an increase in fatigue strength of submerged arc’
welds. from 160 to 320'N/mm? (repeated loading) due to TIG
welding of the 'undercuts. Harrison et al (19) found an
increase froim 110 to 260,N/mm2. Deep grinding proved to
be far more expensive than peening and TIG welding ‘

1

Sometimes it is wrongly stated that these 1mprovements
have little effect. The argument is that for welded redundant
structures such as ships 90% of the fatigue life of a struc-
tural detail consists of crack propagation. But th1s is only’
true in‘the case of every day workmanshlp. Fig 4 g'lves an
idea of how much may be gained by’ machinmg of butt’ ‘welds.
A most successful approach is to improve the" endurance

\(}'_ o . "G

Unsafe
Region of critical ‘crack-lengths
Crack length——» -
Crack tip position ———= )

Fig.5 Rel_ati\(e Importance of Crack Length and Crack
Position in Welded Region (12

An example of a dangerous situation despite the use of

steels with excellent notch toughness is given in Ref. 12.
Complete brittle fractures developed in the HAZ (heat
affected zone) of electro- gas welded 34 mm thick plates when
they were sub]ected to fatlgue loading at —15°C. Critical

crack lengths were in the order of the plate thlckness

2.3 The crack uuhahon—propa.gahon dllemma

In ships there are hundreds of kilometres of welds and
many thousands of weld crossings. Although non-destruc-
tive testing is widely applied, weld defects will nevertheless
be present in ships. Some will be too 'small to detect; others

'1mit-so-much-that-cr-acks-s,imply_a.re.noLable_to initiate;
then double amplitudes of stress in the order of magnitude
of 200 N/mm?2 (repeated loading). may be tolerated millions
of times instead of -a few 100, 000 times. It makes. the,
difference between no cracking during the ship's lifetime or
cracking after one year. -Ships of the first type (with excel-

" lent structural détails) should'be consideéred-as 'safe-life' -

structures. For when,déspite great care, a crack starts
after many years, it w1ll propagate quickly The cause is'
that the material in the line of the crack path will have been
damaged by-the previous large' number .of load cycles

This contrasts with the case when cracks start ea.rly in the
lifetime. Then the surrounding material is still relatively
sound and the crack propagates slowly. It can be detected
in time and repaired; the structure is 'fail-safé': Apart
from this, it is a general rule that the milder ‘the stress
concentration in a structure, the smaller the number of
cycles for crack propagation will be in relation to total

lifetime and vice versa. If the bar DH 19 discussed pre- ‘.
viously had a semi- circular notch instead of a saw- cut, a \

crack would only have started after some 70, 000 cycles
The growth from 1 to 20 mm would have’ ta.ken less than
total Only 33°° of this number has been ! spent 'for propaga-
tion), while for the sha.rply notched ba.r it was 32 000 + .
40, OOOv— 80%. o
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2.4 Load-presentation and cumulative damage .

The type of presentation in Fig. 4 becomes far more com-
plicated when it concerns structures such as the hatch
corners of modern ships.. For these, the vertical longitudi-
nal wave bend1ng is no more the domlna.nt type of loading. .

Torsion, horizontal bending and transverse-loads.have
become equally important., When static strength'is con-
sidered- it is logical to look for the most unfavourable com-
bination of the various load components. But for fatigue -
strength the number of times that various.possible combina-
tions occur is important. These frequency distributions are’
difficult to estimate. The reader"is referred to work of
Meek and co-workers® and a paper of Alte 22) for more
information.

Cyclic stress data for structural’ dlscontlnultles can'also *
be obtained with the aid of strain gauges at critical points.
This method has the advantage that the combined effect of
the external load.components becomes known. But the
problem.remains of how to use that-information for the
prediction of the fatigue behaviour; Figs..13, 20 and 21 of:
this paper are of some help. It can be seen that the -en-

durance’ of relatively complicated ‘structures such as con-

servative tanker longitudinals correlates-rather well with
that of simpler models if plotted-on the basis of local
strains,” When'it ig realised that the. stress state in the

different types of specimens was very different the result .

is satisfylng, it could hardly be improved by applying frac-
ture mechanics, (Figs. 17, 18). Of course the correlations,
have been obtained for constant amplitude 'loading, but, it
is not unreasonable to expect similarly good results for
service-conforming loading. Favourable experiences with
strain gauges have also been reported by Gassner and
Haibach@3),- o Sy .

Wave induced "stre.s'ses in ships are commonly presented

as cumulative frequency distributions (Figs. 1, 4). This

may be the most convenient way for load experts but it is
certainly not what fatlgue experts .prefer. Flgs 2 and 3
illustrate two relevant aspects. Another, the influence of
changes of mean stresses (still water stresses) is: equa.lly
-important, (see Sections 6 and 7). Apart from this, fatigue
specialists are still in dlfflcultles when asgked to pred1ct .
the fatigue behaviour of a ship for which frequency dlstrl- '
butlons of loads are avallable :

Some stlll dream of f1nd1ng a rule such as that due to
Palmgren-Miner for estimating the fatigue life of a ship
with the aid of results of constant load tests. Others.rely
upon results of programmed load tests, while the more

pessimistic requlre service- conformlng loading preferably

with prototypes l

It will be seen in Section 7 that what i indispensable for =~
aeroplane building (and payable!) is not absolutely necessary
for sh1pbulld1ng

ThlS section ends here although the state of the a.rt is. not
yet sufflclently developed. However, other important aspects,,
for exampie fatigue strength of hlgher strength steels,
influence of mean stresses and procedures. for estlmatlng i
the fatigue life of a ship are so closely connected to the
co-operative research work that they will be discussed in.
the separate Sections 4, 5,6 and 7.

3. DESCRI'PTION OF THE CO-OPERATIV'E RESEARCH
PROGRAMME

The essentials for the choice of test Specimens, a.nd test
procedures were as follows: .

(a) In order to obtain realistic results the greater 'propor—
tion of the specimens should be structural specimens,
preferably of large size. They should incorporate .-
typical structural discontinuities, Fig. 6.

(b) For reasons of economy in costs and time they should
be comparable to those tested in-the Delft Ship Struc-
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tures Laboratory in the early slxties (Fig. 14) which
were loaded with P min/P max = %,

(c) In order to allow a scientific aniysis of the results of
the large: structural specimens, smaller ones of simpli -
.. fied-form should" be mcluded in the programme (Flg 13),
(Model family). -

(d). For the same reason elementa.ry, non-welded speclmens'
contalnlng saw- cut notches had to be 1ncluded (Figs. 10

and 11).

unloaded?:
~ -
] -
R SNSRI R —— 2y
Fig:6a geometrical notches'’
s between plates lymg

135, in one plane. .
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Fig.7 Three-Stage Load Programme (7}
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(e) Because of the characteristics of the available testing
facilities, most specimens would be subjected to con-
stant amplitude loading. Yet it was also thought to be
essential to obtain some information for programmed
loads, ' i

{f) It was agreed that for ship structures, information about
the'rate of crack propagation ‘wis of greater interest
than the number of cycles up to crack initiation (see
Section 2. 3). oL S e

Next to the interrupted beam specimen shown in. Fig.14 .

continuous beams have been tested in Belgium and Italy. The

results will be reported separately, because the Italian B

experiments are not yet finished,” - e

mean.stresses occur. Therefore they are included in the
simplified programme of Fig. 7. Although during that stage
crack growth will hardly-occur, its effect on.later conditions
when the mean 'stress is tensile again may be unfavourable. .
Thus the programme-reflects the alternating conditions of
'fully loaded’ and 'ballasted' with incidental extreme
weather conditions.

The second prograrnime is' shown in Fig, 8¢ 8, and is more
sophisticated than the first, but does: not include changes in
still water stresses. It was thought that just because these
two programmes were essentially different, valuable indica-
tions about the influence of non-constant loading might be
obtained. ' '

Apart from the previously mentioned bending experiments
with léngitudidaJS, Belgium was responsible for the so-called
routine fatigue' tests and the determination of the mechanical
propetties of the ‘steels used(®, The fatigue tests were .
more- sophisticated than routine experiments, because the
crack propagation was carefully followed and reported. The
speciméns were side notched and subjected to axial alter-
nating and repeated loading and to' repeated bending Fig, 11. .
The results of the exp.e'riments'after analysis and elaboration

- have been presented in several ways, see Ref. 8. Direct

comparigsons have been made between the results for each
type of .specimen for St. 42 and St. 52. Where possible,;
curves have been constructed for .0, 5, 8 and 20 mm crack
lengths. All available data havé been displayed in such a
form that justified comparisons can be made between the
results for ‘the various types of specimens. The strain

-gauge data have been used.extensively. The fatigue, results ‘
for the small specimens have been-corrected in such a.way

that they may be regarded as being representative of
specimens of infinite width, E

Most data Rave been elaborated with the aid of fracture
mechanics. The aim was to be able to compare all results
on the basis of a representative AK— value (cyclic stress” i
intensity pé.rametgr) and mimber of cycles for a significant .
part of the total crack growth, (Ngmm — Ngmm)- ‘The choice
of the latter is borne out by the,fact that for structural .
speciméns plots of da/dn versus AK are generally insuffi- .
clently accurate. From all these data only the most charac-
teristic have been included in the present paper in order to
illustrate. tendencies, opinions and weak points. :

o

4. DIFFERENCES IN THE FATIGUE STRENGTH OF
MILD STEEL AND HIGHER STRENGTH.STEEL

As long ago as 1949 Weck (24) stated that trying to improye .
the fatigue strength of welded structures by the use .of

The design of the specimens. of Fig. 13 reflects Figs. '6 and
14, In the A-specimens with.bracket the horizontal and !
vertical asymmetry of the Fig: 14 type has been eliminated.
The same applies to.the- B-specimens, containing two

'bottom flanges' where at the same time local bending and
twisting, induced by the bulkhead, is limited. The capacity

of the testing machine mainly determined the dimensions of |
the specimens. 52 specimens were available of which 268 were
were made of St. 37-42 and 26 were made of St.52. In .
France 40 specimens have been tested, half 6f them 'subjected
to repeated axial loading ard the other half to loading with

P min/P max = —%,, The remaining specimens will be sub-
jected to programmed fatigue loading in Holland in the near
future. .

Some of the-unwelded notched plate specimens have been
subjected to programmed fatigue loading. Two programmes
‘have been applied, the first of.which is the simplest but is
nevertheless realistic(?, It can be carried out with some
difficulty on constant-amplitude testing machines (Fig. 7).,
The programmie has been conceived on the idea that only
those parts of a ship which are, on the average, subjécted
- to a tensile mean stress will eventually suffer from fatigue. -
Therefore the greater part of the programme should be
in the tensile range. However, conditions can also be such
that in the regions of danger, lower or even.compressive:

higher strength steels is fruitless, Ma.ny Teferences can be
cited which confirm this statement, but there are also many
which are ‘more optimistic. o :
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Fig.9 from Ref. 25 by Munse and La Motte Grover illustrates
the situation. For 2 x 108 cycles the upper line is even too
optimistic. When the single result at 35 KSI and 110 KSI UTS
is neglected, all data fall between 16 and 28 KSI. This is
about the scatter width for mild steel. For 105 cycles the
picture is clearly better.

Gurney (17) found little or no advantage for 10 higher
strength steels with UTS from 430 to 750 N/mm?2 when used
for non-load carrying fillet welds, (pulsating tension). .

Fisher et al @6) carried out nearly 400 bending tests on
welded beams for 3 grades of steel. He concluded that
'steels with yield points bétween 250 and 700 N/mm2 did
not exhibit any significant difference in fatigue strengths'.

What is the reason that an in¢rease in static strength is not
accompanied by an increase in eyclic strength? In this
paper we cannot do more than give some explanation. At
the tip of a fatigue crack, cyclic elastic + plastic straining
occurs. As a first approxlmatlon the plastic deformation
energy per cycle, being the product of local stress and
plastic strain, may be thought to be responsible for the fatigue
damage of the material at the crack tip. Comparing steels
of different strengths the local stresses will be higher

and the local plastic strains smaller, the stronger the steel.
The product of both will be more or less the same, indepen-
dent of yield point (strain energy history per cycle). The
capacity of various steels for absorbing cyclic deformation
energy is also more or less constant, since a high strength
steel has a lower ductility than 4 low strength steel. As both
energy history per cyclé and capacity are more or less
independent of yield point, the same will apply to the number
of cycles to cracking.

In welded structures the residual stresses must also be
considered. They will be higher the higher the yield point.
This may have an adverse effect, especially in the early
stages of crack development. A final aspect is that the
welding of higher strength steels requires more care than
that of mild steel. In this connection Harrison (12) may be
quoted:'Small sharp defects at the weld periphery, derived
from the welding slag (slag intrusions), are responsible for
the low fatigue strength of high-yield steels', (see also
Ref. 29).

The outcome of the present investigation is in line with the
foregoing. There is in general an advantage for St. 52 over
St. 42, but it is not spectacular.

Fig. 10 shows the results obtained in Germany. There is a
distinct advantage for St. 52 gr. DH38 at high stresses for
both P min/P max = 0 and —1. Above some 500, 000 cycles
St. 42 gr. A behaves better. The German results are for
full fracture of the specimens. In Belgium crack growth
was recorded which made it possible to construct Wohler
curves for various crack lengths. They have been corrected
for the restricted width of the specimens in order to make
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Fig. 10 Results of German Experiments with Centrally
Notched Plates under Axial Loading
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them directly of use for ships. Both for 1 mm and 20 mm
crack length the tendency is similar to that of the German
experiments although definitely less pronounced. Taking
all the Belgian results together there remains little advan-
tage for St. 52 DH 36, (Figs. 11, 12, 19).

The results of the French experiments are even more
pessimistic. No difference has been found between St. 42 gr.
A and St. 52 gr. DH 36, (Fig. 13). This applies to the results
for small and large cracks and to P min/P max = 0 and —Y,.
The Dutch results are better, especially for greater crack
lengths, Figs. 14 and 15. The spec1mens were much larger
and more 'structural’ than those used in France.

Therefore it is believed that taking all the results together,
a 10 to 15% advantage may be obtained by using St.52. In
Section 7.2 it will be explained that this is probably an
underestimation. The results of the programmed load
tests were far more favourable for St. 52 than for St. 42.

5. CRACK PROPAGATION AND FRACTURE MECHANICS

The Paris-Erdogan law(31):

2 - c(aK)m

has been generally accepted as an effective tool for the
evaluation of results of fatigue crack propagation experi-
ments and for prediction purposes. With the passage of
time four aspects have become clear:

(a) m is not constant;
(b) da/dn— K plots consist of three branches instead of one;
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(c) m and C are very much influenced by scatter and by
inaccuracies of curve fitting;

(d) the type of fatigue testing should be taken into
account 62), (constant load, constant strain or constant
net stress tests).

The present authors agree with Rolfe and Munse that con-
stant net stress tests are the most realistic. They found a
linear relation between da/dn and stress for all stresses
and test pieces and for P min/P max = 1 and 0(32),
Gurney (34) discovered some dependency of m on the yield
point, but Maddox (35) could not confirm this.

Crooker and Lange (33) prought together a lot of experi-
mental results from published literature. For many steels
with yield points varying from 350 to 2000 N/mm2, most of
the m values were between 2+ 2 and 4- 4.

Ref. 35 by Maddox is recommended for further information
on the position of the knees of the branches and C and m
values. (For welded structures too much refinement in
estimating crack propagation laws does not pay because

of the difficulty in understanding the influence of residual
stresses)(36),

The results of the Belgian experiments have led to m
values varying from 3 to 6 for repeated axial loading, and
from 1 to 3 for repeated bending loading. But there is no
need for great disappointment, since Fig. 18 shows that
all results for repeated loading, (two steels, three plate
thicknesses), conform extremely well to a linear relation
between log C and m.

TABLE I,

Of interest is that the analysis has been made both by
Schrickx in Ghent and Vonk in Delft. The relevant C and
m values differed considerably, but all conformed to the
one single relation.

During the ISSC 1973 in Hamburg this fortunate result was
also mentioned by representatives from Great Britain (46}
and Japan(47), 1t is not surprising that the data for alter-
nating loading in Fig. 16 lie apart. Crack closure during
compression is mainly responsible for a relatively slower
rate of crack propagation.

The results of the structural specimens could not be
adequately analysed by plotting da/dn as function of AK. As
an alternative, the number of cycles for crack growth from
5 to 8 mm has been plotted as a function of representative
AK values. The 5-8 mm crack length has been chosen for
various reasons. Such small cracks do not change the
overall geometry of the structure. The influence of differ-
ences in local geometry, i.e. weld shape, undercuts etc. is
suppressed. The same applies to the effect of small
incidental variations in the rate of crack propagation.

Table I gives a summary of all formulae tried. For the
structural specimens several formulae have been directed
towards illustrating the value of the particular approach
adopted rather than that the authors are convinced of their
authenticity. The main reason for the fracture mechanics
approach is that we urgently need a method for comparing
the results of experiments with notched plates on the one
hand and structural specimens on the other.

Summary of Formulae for the Determination of AK values.
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The main difficulty is whether a structural specimen such
as type A (Fig. 13) should be conceived as a wide plate con-

taining a substantial notch,or as a small plate (bracket)
having a very small initial side notch (the undercut of the

weld), In the first case the stress to be used for the stress
intensity parameter K is the nominal stress; in the second
case it is a local stress. How local is something which has

to be concluded from the comparisons in Figs, 17 and 18.

Generally speaking the various curves II seem to conform
best, The position of the strain gauges 2, the output of which
has been used as stresses in the particular AK formula is

such that these have the significance of local 'nominal’
gtresses, The curves III, for local 'peak’ stresses are

clearly worse, This is fortunate because it 1s what would be

expected from a fracture mechanics point of view, It is

remarkable that curves I, which consider the specimens as

a whole, are close to curves II. This could be fortuitous,
but it may also be interpreted as an indication that an
*overall' approach is not too sensitive to structural para-
meters (square notch, triangular bracket, presence of
flanges).
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A fourth approach in which the triangularity of the stress
distribution in the brackets of the French and Dutch speci-
mens has been taken into account, has also led to satis-
factory results. For clarity the curves have not been
included in the figures.

Fig. 19 gives all the notched plate data. The important, but
unwelcome, fact appearing in this figure is that the groups
of curves I and IIT do not coincide. Yet both are for repeated
loading and the difference between the type of loading
(bending or axial) has been accounted for by using appro-
priate fracture mechanics formulae. There remains the
difference in the stress gradient causing unequal stress/

strain histories at the crack tips. That apart, it should be o

observed that generally in fatigue bending the loading is
'purer’ than in axial loading, where some secondary bending
is often unavoidable which may be responsible for 5 to 10,
higher stresses at the notches.

As a conclusion to this section the reader is asked to recall
what was said in Section 2, 4: Good correlations were also
obtained between the results of all structural specimens

by plotting these as a function of local stresses; Figs. 13,
20 and 21 illustrate this. Figs. 20 and 21 summarise all
experimental results for direct us€ in design. The position
of the curves for the structural specimens in relation to
that for the unwelded notched specimens is particularly
valuable, because experiments with the latter are relatively
inexpensive,

6. INFLUENCE OF MEAN STRESSES

Many experts hold the opinion that for welded structures
the range (or double amplitude) of cyclic loading determines
the fatigue behaviour;the mean stresses are thought to be
of small importance. This is related to the presence of
residual stresses of yield point magnitude. The upper peak
of the cyclic stress is always close to the yield point pro-
vided that the cyclic stresses are rather small. But in

highly stressed structures, local yielding will cause a
reduction in the magnitude of the residual stresses and the
mean stress will soon become equal to zero at points of
stress concentration. It may seem that for these cases mean
stresses again are unimportant, but that is not correct.
Severe cyclic loading combined with tensile mean stresses
may cause more plastic deformation during the tensile than
the compressive part of the cycle; little or no crack closure
is possible when the stresses are compressive. From this
it may be concluded that:

(a) Mean stresses are more important for crack propaga-
tion than for crack initiation.

(b) The adverse effect of mean stresses will not only
appear in high stress loading but also in mixed
loading (high and low).

(c) Steels with high yield point will suffer less from mean
stresses than mild steel.

All the points are of interest for ships.

In Section 7 much attention will be devoted to the role of

mean stresses in connection with non-constant amplitude
loading. In the following only constant load experiments

are considered.

6.1 Unwelded specimens

In Fig. 11 W8hler's curves for 1 mm crack length show that
the results for axial alternating and axial repeated loading
are well 'in line' but for 20 mm crack length (Fig. 12) they
lie wide apart. It is evident that from the viewpoint of crack
initiation the mean stresses are insignificant. The more the
cracks increase in length, however, the greater the influence
of mean stress on the rate of propagation. At 5 mm crack
length (figure not included) the position of the various curves
is between those of Figs. 11 and 12. Fig. 10 confirms the
picture. These results apply to complete fracture. Speaking
in terms of cyclic stresses it can be said that +168/—168
N/mm?2 was equivalent to 195/0 N/mm? (N = 105; St. 52

DH 36).

6.2 Welded specimens

The French specimens (Fig. 13) have been subjected to
cyclic loading with P min/P max = 0 and —1,.

All data (two steels, two types of specimen, 5 and 20 mm
crack length) lead to the conclusion that there is little or no
influence of mean stress.

Apparently the welding stresses have great effect, so long
as the cracks are within their region.
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7.. ESTIMATION OF: THE FATIGUE LIFE OF:SHIP.
STRUCTURES BY EXPERIMENT AND/OR“ :
CALCULATION

‘.1, Shlps and au'craft=

@ . E . ; - Dutch, Bracket{me— ——)
70 . . i Botlom - )

(v) . Fatigue data for welded structures show more scatter
than data for riveted structures, (defects, residual
stresses, weld -deformations, differences in composition
and mechanica.l properties of weld, heat affected zone
and'parent metal)., This means that predictionis of crack
initiation for highly stressed components such as hatch-
corners: of *open* sh1ps -and-details of offshore structures
cannot be made very accurately (Section 2. 3).- '

(iv) The loading of ‘ships is more complicated.than that of -
‘aircraft, (See'Sections 2,1 and 2,4), Thisis a handicap
both for experiments and for calculations. (The use of
strain gauges giving data about real structures under
- service conditions may be 1ndispensable see Section
2.4). : .

(vii) The environment of ships' structures is-very corroslve,
(water, air, cargo).

-The foregoing points indicate why predlctlons of fatlgue llfe
in shipbuilding cannot be made as accurately as in aircraft
building, and also why the:need is not so great! This does
not mean that the present situation in shipbuilding is satis-
factory, as witnessed by the extensive use which.is still
made of the Palmgren-Miner Rule;

7.2. The Pa.lmg'ren Mmer Rule a.nd the mgmflcancerof mean -
‘stresses . o .

Important'mistakes can be made- when this rule is used~

outside the domain for which it has been found to be reason-

ably reliable. Sherrat (21) has indicated some limitations
of the Miner Rule:

(i) At-all stress levels; N should be between 104 and 106 -
cycles. Consequently very high and low stresses may
not occur.

(ii) The stress cycles are well miixed, ‘

For such cases ) 1 will not deviate moré fromll than

-0° 6,0on the low and 1°4,0n the high side; this is 1ns1gn1f1cant-,

when translated 1nto log. numbers

ForN_IOchcles =0 6—>n~6x105 logN—58

i

% =14 —>‘n = T1-4 x _106-1og'N =615

The: dlfference in relatlon to log: 106 1s about 3"° which

corresponds to differences in- cychc stress amplitudes of'
some 5%.

Although as w1ll be seen, the Miner Rule is not appllcable '

‘'The greatest need for accurate predictions of fatlgue life

-is in aircraft design and construction.- This is primarily

associated with the fact that weight savings are of great
importance, which has led to the use of high strength light
alloys. .Unfortunately these are very notch sensitive. Crack
growth under cyclic loading is rapid and critical crack: -
lengths are in the order of magnitude of only a few centi-
metres..

Summarising, the following differences exist between sh1ps
and aircraft -in connection with fatigue:

(i). For ships, critical crack lengths are an.order of mag'm-
tude greater than for aeroplanes, (see Section 2, 2).,

(ii) Due to this, and in view of the presence of weld defects

in.ships, attentlon should be paid mainly to crack propa-’

gation, (see Section 2.:3).

(iii) Cracks. in ships can easily be discovered before'becom-
- ing critical which reduces the need for accurate calcu-
" lations,

(iv) For aeroplanes reliable predictions with the a1d of
experiments (for instance flight simulation with proto-
types) are required not only from a safety point of view
‘but-are also justified economically in view of the large
number of aircraft of one type.

1'or—ths-calculatlon.of-the_\asdmlia.J'.a.t.l,gue_hf.e.of ships!

structures, it is certainly of value for the calculation of. the

fatigue damage for more or less stationary conditions, (for .

instance one voyage). 'In'such cases'the’ followmg observa—

tions, which are valid for the whole llfetlme of a ship, do -
not- apply -

(a) When cracks propagate the conditions at the crack tlp ;
change with crack length. Miner's Rule many only be
applied for periods during which the crack factor of
the stress.intensity parameter K remains, practlca.lly
constant (for instance.one year)., .

(b) Sequence effects are always important, but especially
for the crack propagation stage. For instance. residual
stresses caused by high loads have considerable
influence-on the amount ‘of crack closure. Further-
more small stress amplitudes have little or no effect
when cracks.are small, but may. contribute significantly
to .the propagation.in a later stage., (Haibach's adjust-

- ment of Miner's Rule-for low stresses is ,an essential

- improvement (37)).. It should be realised that this
aspect of sequence effects is not of a random.character
like most load parameters:

(c) Cha.nges of mlean stress (still water strésses) canhot be
taken into*account in'Miner's Rule. Again,the use of the
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rule should be restricted to stationary conditions, but
now with respect to mean stress. Mostly this. will
:mean that for each voyage £ N/Nj must be calculated.

In Section 8, it has been shown that for constant amplitude
loading the influence of mean stress on crack propagation
is large. -‘The. three step programme-of Fig.", (see Section
3) led to even more remarkable results, . -

For mild steel.gr. A: N was 453 x-104 (sngmfnca.nt stress
150.N/mm2);for DH 36: N. was 26 x..105 (s1gnihca.nt stress
180 N/mm?2), ... . ; . G

When both steels are compared for a lifetime of N = 4%'53 x
104, the difference between the fatigue strength of mild’

steel and DH 38 is expressed by 150 N/mm?2 and 250 N/mm?2,

This is much more than for constant amplitude loading.

It may be concluded that steels with high yield point béhave
much better than mild steel in conditions where the.still ,
water stresses differ greatly from. one voyage to another

Quite a.nother way of looking at the results'is indicated in-
Fig. 22.- When simplifying thie progfamme into a pure two-
stage one (seé Fig. 22a), thus neglecting the-50 cycles with
high stresses, there are several possibilitiesto compare
the results wnth those for constant loading, for instance as
in' Fig, 22b. The number-of ¢ycles valid for:-Fig. 22b can'be
taken from Fig. 10. It results in N = 6 x 105 cyclés for '
P min/P max=0and oy, =150 N/mm? (mild steelgr. A). .

L. . I . . | A

150

- 1l J 1 -
g I I sl !
t . jt—[[«_.———J
| "

an 22 Snmpllﬂcauon of the Three-Step Programme of
Flg 7 :

The three-step programme for mild -steel gr A only allowed
4-53 x 101 cycles. It is clear that the increase in. severity
of the programme by substituting the alternating loading
part for repeated loading of the same amplitide (Fig. 22b),
is not sufficient to account for the regular change in still
water stresses and a small number of stress cycles of
larger amplitude. For DH 38 the difference between Fig. 7
and Fig. 22b is much smaller: N = 2°6 x 105 against N =

13 x 105, For mild steel Fig. 22c corresponded approxn- -
mately with Fig. 7'while for DH 36, Flg 22c was much more

severe than Fig. 7,

That the changes of mean stress are mainly responsnble
for the foregomg surprising résults may be concluded

from the results of the multi- step programme wnth constant
mean' stress (Fig. 8). !

For mnld steel gr. A the number of cycles was N.= 5- 58 x
106, for a maximum amplitude 045 = 240 N/mm2, The

correspondmg figures for DH 36 were 824 x 106 cycles for~

Omax = 290 N/mm2. In this case the difference between
both steels is much smaller and is about equivalent to the
dlfferences found for, repeated loadlng or for alternating
loading at 104 load cycles. .

From investigations in Darmstadt, Buxbaum(33) concluded
that changes of mean stress are 1mporta.nt when:

— their frequency of occurrence is smaller than 1/20 of
that of the maln cyclic stresses;

— the amplltude of the. mean stresses is greater than the
. RMS of the amplitudes of the main. cyclic stresses.

For those who still like to apply Miner's Rule for the whole
lifetime of a ship the present authors'suggest the use,as a
simple significant stress, of the sum of the range and’mean
stress instead of the rangeé only (range = déuble amplitude).
Records-of service strésses should be treated corréspon-
dingly; in that way cumulative frequency distributions of -
stresses represent much better the, fatigue loading of a,ship
than is the case. if stress ranges a.lone are used.
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7.3 Procedures for predicting the fatigue life of ships

Calculations using Miner's Rule may be looked upon as a
rough method for’ the prediction of the fatigue life of ships'
structures, It is sometimes thought that a good method is
the testing of real structures with service conforming
loading. But-as Freudenthal (3%) says 'This is dlmost as.
much an over- slmpllhcauon 'of the problem as the use of
constant amplntude tests at the most damaging level of the.
spectrum’,’

The point is that we must know how severe the loading is

in connection with fatigue as compared to other possibilities.
This can only be'established by applying a‘great number of
the latter in testing. Even then the information thus obtained
is only really valuable when the probability of occurrence

of each of the service- conformmg loads used can be
indicated. . :

Another procedure consists of a systemati¢ analysis of

the influence of all possible load parameters on the fatigue
life. In the aircraft industry, many people have been
working along this line for years. Yet Schijve, in an infor-
mative and comprehensive paper -on cumulative damage(10)
is not very optimistic, despite the valuable work carried
out for instance in Darmstadt by Gassner, Haibach and
co-workers(41),

In the marine field the. sntuatnon is even worse,as will be
clear from what has been sa.ld about.the dlfferences between
aeropla.nes and'ships. .-
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A third procedure which appears sophisticated and modern
is random loading. Apart from other objections it must be
emphasised that a ship is not a randomly loaded structure.
For instance, summer and winter conditions and ballast
and loaded conditions are often well defined. Of course a
combination of the deterministic and random parts of the
complete load spectrum would be an excellent approach
(see Fig. 23), but simplifications of that procedure are
thought to be justified in many cases.

A simplification which will be welcome to investigators
disposing of constant amplitude fatigue testing machines is
that shown in Fig. 23f and 23g. The short-term distributions
(one day, one voyage) are thought to be equivalent to con-
stant amplitude packets with a double amplitude equal to

the Root Mean Square of the range-record for one day and
one voyage. Such a conversion was first proposed by

Paris 42, Good results have also been obtained by Swanson
et al (43) put Schijve's results(44) are in disagreement.

The method will generally give over-optimistic results
because the peaks of the short term distributions are
suppressed. This has been confirmed by Lewszuk and
White(45) who have carried out experiments with welded
specimens. It seems that when Miner's Rule is used for the
conversion of short-term random loads into constant ampli-
tude loads (with the same number of cycles), experimental
and calculated results will agree better.

A method in which the effect of the peaks is maintained to

a certain extent is illustrated in Fig. 23d and e. A triangular
frequency distribution of which the maximum value is equal
to the RMS of the ranges times V3, has the same RMS value
as the original short-term record. RMS V3 is equal to the
average of the 'one tenth highest values' of the short-term
record; consequently the peaks are well taken into account.

Fig. 23 has been included for various reasons:

(i) It gives some feeling for the advantages and short-
comings of the various procedures.

(ii) It may be seen as a realistic research programme for
the study of cumulative damage for shipbuilding.

(iii) The various procedures might be accepted as standard
or as a means of reference for comparing the fatigue
performance of ship structures. There is a great need
for standards, because the results of too many alterna-
tive procedures are difficult to compare and may give
rise to much confusion.

It is thought that the procedures of Fig.23 are definitely
more reliable for prediction purposes than the results
of constant amplitude loading evaluated using Miner's
Rule. -

(iv) For each type of testing equipment an optimum pro-
cedure can be chosen.

8, CONCLUSIONS

(i) The 'fail-safe' concept applies to most ship structures
(cracks allowed). Only for critical details, which are
small in number, is a 'safe-life' approach justified
(prevention of crack initiation).

(ii) The propagation stage of crack development is of pri-
mary importance for ships because at weld defects
crack initiation takes relatively little time.

(iii) Frequency distributions of stress amplitudes are of
limited value for predictions of ratigue life. Mean
stresses are also important. (Range + mean stress may
be a satisfactory representative fatigue stress).

(iv) The foregoing is related to the experimental result
that mean stresses have great influence on the rate of
crack propagation.

(v) By applying strain gauges close to possible crack
initiation points in ships, difficulties in connection with
complicated loading conditions (phase, type) and struc-
tural configurations will be greatly reduced. The output

of the strain gauges can be used with some confidence
either for establishing the loading for fatigue experi-
ments or for calculations of fatigue life.
(vi) A linear relation has been observed between m and
log C of the Paris-Erdogan crack propagation law,
(vii) In constant amplitude loading the difference between the
fatigue strengths of a higher strength steel and mild
steel was small (a maximum of 15%). However, pro-
grammed load experiments with various mean stresses
showed a large advantage in favour of higher strength
steel. This conclusion is only valid for ‘fail-safe' design,
because it is based on crack propagation experiments.
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‘DISCUSSION

MrK.V. Taylor B. Sc (Eng) (Fellow): The authors have pro-
duced an interesting paper full of valuable subject matter but
also containing a number of pertinent statements which eould

‘have.a considerable bearing on the techniques used in ship

structure design procedures involving fatigue.and fracture
mechanics.. The, following three main points stand out: (i)
the importance in the order of stress reversals of different
magnitudes; (ii) the importance of mean stress on fatigue
life; (iii) the lack of confndence in.Miner's Rule for general
applncatnon

In the design stage, loadings, in terms of stress reversals,
can be predicted analytically by probabilistic techniques'to-
give data related to their frequency of occurrence in the
service life of the structure. There is no one set pattern of
stress. However, what one should attempt to simulate in the

fatigue testing is-a.typical average pattern and investigators

should try to copy with random load machines this ‘average'
behaviour. While agreeing with- the authors that consecutive
stress reversals cannot be selected on a completely ‘random
basis, the cumulative.frequency diagram nevertheless pro- -
vides information on the numbers of stress reversals for
different stress levels to make up a test sample. From this
information and the still water stress pattern-it should be
feasible to derive a'year's loading pattern which could be re-
garded as 'standard'. ‘At the same time the pattern ought to
be capable of changes to allow for higher wave induced stress
levels and different still water stress behaviour so as to take
account of any influence these effects could have on fatigue
life.

The view held recently that with welded structures the. range
of cyclic loading determined the fatigue behaviour,.and that

.mean stress was of little importance, has presented.the de-
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signer with an easier problem to solve, but now the authors ' .

have very firmly thrown these ideas back into the melting
pot. As pointed ot earlier, still water stress for a large
number of ships will vary in a fandom manner considerably
more than that shown in Fig. 23. It is therefore going to be
far more difficult to take a random mean stress into account
both experimentally and analytically.

The third point concerns the lack of confidence in Miner's
Rule for general application. This method has been one of
the main building bricks for fatigue design techniques and,
for all its limitations, it has been the only simple method
available by which fatigue damage can be assessed. The -
constraints as given in Section 7. 2 will have a marked in-
fluence on its use for general fatigue behaviour where con-
ditions relating to (i), (ii), (a), (b) and (¢) cannot be met.

Finally, in the authors' conclusions the use of strain'gauges
is advocated close to possible crack initiation points in
ships, and while such a procedure has been used by Lloyd's
Register to investigate the structural behaviour of a typical
bilkhead and inner bottom plating joint in a bulk carrier, it
cannot be considered a viable procedure unless for the pur-
pose of obtaining data on typical service behaviour. In this
instance, however, crack growth was involved necessitating a
reallstlc service stress spectrum to be determined for the
region in question.and the data were used in association with
one of the Society's crack propagation programs based on
the Paris Erdoga.n law.

Ir W.Spuyman (Fellow): The authors have really succeeded
in squeezing as much information on fatigue strength as pos-
sible into the few. pages that our Secretary allowed. Never-
theless I think that a handy and complete reference work has
been produced in which, guided by the authors, a modern and
practical insight can be obtained into a fail~safe fatigue life
of present and future marine structures. General develop-
ments are such that it may ‘be expected that fatigue strength
will be one of the main dec1d1ng parameters for structural
reliability.

The fail-safe concept, although not always readlly accepted in
‘words, is usually plainly accepted by deeds, as long as water-
tightness and other critical service functions are not endan-
gered. That there are still-questions left may not be the
authors' fault, and possibly one still.needs some guidance in.
these matters. It will be much appreciated if the required
guidance can be given on the following questions. .

With a view to developments 1nto still larger, lightwelght low
production cost marine structures which might also operate
in regions with dominating very low temperatures; even rela-
tively small fatigue cracks of lengths in the order of plate
thickness (as_in Section_2.2) might be dangerous from the

obtain the vitally needed realistic service stress/strain his-.
tories of the nature given in Fig. 23a.

Professor E.V.Lewis M.S. (Fellow) (read by the Secretary):

" In an earlier paper, the first author stated, 'It is a favourable

circumstance that fatigue cracks propagate very slowly in
ships' structures'®®, Hence, the safety of the ship is seldom
threatened by fatigue. This is a fortunate circumstance, but
it is an unstated assumption of the present paper that the .cosl
of repair of fairly frequent nuisance fatigue cracks is a sig-
nificant figure in ship operation—especially when the cost of
ship time out of service is included. Consequently, as ship
structural techniques and design standards are refined, the
subject of fatigue becomes lncreasmgly important. - i

A noteworthy feature of this paper is its emphasis on the
differences in the fatigue loading of ships as compared to
other structures. Not only are the loads reversed and irregu-
lar in magnitude, but there is a constant slhift of mean value
(still water bending moment). This is particularly well
demonstrated by Fig.23. The authors give some interesting
suggestions as to how such complex loadings. can be approxi-
mated in standard laboratory experiments on structural de-
tails.

The paper is of-value also in presenting some highlights of
the extensive international experimental research pro-
grarames in Europe. The authors offer convincing argu-
ments that research can be concentrated on the propagation
problem, since many undetected ¢racks probably exist in '
every ship's structure. Further experlmental results will be
avaited with interest.
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Professor G. Aertssen (Fellow) When weight reductions
were allowed by classification societies on container ships,

. where higher strength steels were used some doubts arose .

concerning the problem of fatigue crackmg ‘Was fatigue .
strength not better indeed for this steel than for mild steel
as put forward in some quarters ? That the ship research )
centres of Fra.nce ,Germany, Holland and Belgium undertook
a co- operat1ve mvestlgatl_on trying to solve the problem with
the financial support of the CECA, was meritorious to the,
profession. Professor Nibbering is to be congratulated not
only on having ‘accepted the respons1b111ty for the co-ordina-
tion of the tremendous experimental work, but on giving here,
with Mr Scholte a comprehénsive survey ot‘ the results.

brittle fracture point of view. I failed to notice this tempera-
ture influence in the Wohler curves that might serve as a
starting point for the prediction of a fail-safe fatigue life.
Where these service conditions might easily occur, it would
be much appreciated if the authors could give an 1nd1catlon
of the extent to which the Wéhler curves would be’ adversely
influenced by very low temperatures '

Further, weld defects and in my ‘opinion also bad flame cut

edges in the heat affected zone may also be important sources

for a crack to develop. Could some idea be given about the
quality of flame cut edges to be obtained in order to be safe
from the fatigie point of view, because this could be impor-
tant, bearing in mind the low cost production philosophy ?

My last remark concerns Fig. 23. Given the considerable

importance of the state and frequency of change of the mean -

stress on crack propagation as explained in Section 7.2, one
fails to see the use of the possibly simplified- loading given
in Fig.23g. In my understanding, this type of loading is not
useful from a marine structures fatigue strength point of
view, and is the one t‘atlgue researchers are most unhappy
with. Would the authors please explain this? i

I should like to conclude my remarks by expressing the sin- -
cere hope that the authors may be given the opportunity to

The survey is divided into two parts. Focussing attention
first on.the part where differences are sought only in the -
fatigue strength of mild steel and higher strength steel, it is
somewhat disappomtlng that the data of various laboratorles )
are not in line, but the overall conclusion of the authors that .
a 10 to 15% advantage is obtained.by using steel 52 DH in-
stead ot‘ mild steel 42 A may be corroborated by the pert‘or-
mance data of two Belgian ships, ‘the ore carrier MINERAL
SERAING deck in steel 42, and the. container ship DART
EUROPE, deck in steel 52. This 10.to 15% advantage is best
emphas1sed by the German data obtained on centrally notched
plates showm in Fig. 10, and an endeavour is made to enter
the data of the ore carrier and the container ship in this

Fig. 10.

Both ships have the same length 218 m, but the open con-
tainer ship DART EUROPE has.a deck inertia modulus of -
16-4m3 against 25:8m3 for the MINERAL SERAING. Fortu-
nately, the container ship is much t‘mer,block-coet‘t'lclent
0-60 against 0-82 for the ore carrier. Therefore,the wave
bending moment is much smaller for the conta.lner ship, w1th
the result that the wave stresses are nearly the same for |
both ships. However, due t6 the h1gher speed in waves the
container ship. susta.lned higher whipping stresses than the
ore carrier. Moreover, the container ship is in a strong
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TABLE II  Longitudinal Deck Stresses in.a Sea State Beaufort 10° Y S

Ship's Condition .. Wave _ Whipping Still . Total Pin . Range | Mean _»RMS '

Name - '‘“in Waves "Kg/mm2  Kg/mm? Kg/mm? ' Kg/mm? Pmax Kg/mm2 - Kg/mm?2 - _Kg/mm2

Ore"" Loaded hogging " 30 11 —42 =01’ 0 123 '—6°2 30

Carrier .. Loaded. sagging - 50 - - =30 —4-2 22 0. 1213 —62 30

MINERAL Ballast hogging-' 28 LT ‘1'1. T "6°6., =1 .. 1146 ©08.. 0. 30 Ve

SERAING , Ballast sagging- —4'T. . . —3:0 2:7 S50 =1 116" '0-8 30 '
b - M . ) ’ _ i ) )

Con.tainer‘ 26 £t hogging;-. 26, . .24 110 160 0 162 8T 40

ship . 26.4t sagging ,  —4-4 —64 11-0 02 .. 0 16-2 BB A 4:0

DART '"30 £t hogging 2:6 2-4 60 S0 0 —1/2 1,158 31 40

EUROPE, 60 - —4-8° -1/2 158 "3-1 40

30 ft sagging . .

IR

—44 -,

—64

hogging .condition which gives higher still water stresses .
than the ore carrier.

It is not difficult to ascertain.the three .components of the
longitudinal. deck stresses; wave stresses, whipping stresses
and still water stresses. of the ore carrier in both conditions,
ballast and loaded; and they are.given for Beaufort 10 in « -
Table 11, together with the same. components for the container
ship, where two extreme load conditions are considered on the
Atlantic, westbound at 26 ft draught and eastbound at 30 ft
draught. A factor of 37-5% is applied. to the significant wave
stress and to the whipping stress range to obtain the hogging
part, whereas a factor of 82-5% gives the sagging part of the. -
low cycle wave stresses. However, the full range of the
whipping stresses is accounted for when ascertaining .the
sagging part of the slam.. This may be surprising but the
authors did well when in Fig. 2 they emphasised.the impor-
tant effect of slamming on the total stress.

Ta.kmg the contalner ship at 26 ft’ draught ignoring the whip-
ping stresses givés deck stresses of 13- 6 Kg/mm2 in hog-
ging and 6- 6'kg/mm? in sagging condition, both tensile
stresses, thus a stress range of'7-0 Kg/mm2 which is ‘half
the stress range 16-2 Kg/mm2 when whnppmg stresses’ are ’
accourited for. The mean valueseof the whipping stresses at -
sea are related to the selected sea state, a widespread '’
Beaufort 10, whereas miean values are chosen for the still
water’ stresses ‘in ‘both directlons For both ships the com~
ponents are calculated'mdeed ina large spreaded sea state
Beaufort 10, it’ being" assumed that the freqdency of occur-
rence of h1gher waves is rather small and that fatigue’in
these exceptnonal sea states is not 8o much a matter of con=
cern, and further that stresses induced in more mogderate
seas-are so small that no harm -is expected from them.

Although the ore carrier sanled on va.rnous routes, for com-
parison the' same route is- chosen as for the container ship.
The number of cycles in 20 years is'2- 5 X 104 for the At-
lanti¢ ‘westbound and 2- 5 X 104'for the Atlantic eastbound
It'is. remarkable that the ranges of the loads for éach direc-
tion are approximately proportnonal to the yield strength of
the steel used. They justify the varymg load tests pro- "
gramimed by the authors.” 'l‘he mean stresses are given for
each load condition and the changes of these mean stresses
are important because, as méntioned by Buxbaum, (a) ‘their
frequency of occurrence is 'smaller that 1/20 of that of the main .
cyclic stresses, and (b) the amplitude of the mean stresses is
greater than- the RMS.of the main cyclic stresses. The RMS,.
corrected for whnppmg stresses, is’ given in the last column
of Table II. . . -

As suggested by the authors the 10'to 159 advantage for
h1gher strength steel deduced from constant amplntude tests
is probably surpassed due to the" changes of mean stresses
as shown by the va.rymg-load tests

"t

The table is supposed to be no more than a first approach
to an analysis of the successive loads at sea on these two
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ships, and it is expected that the large amount of data avail- ’
ablé may encourage the authors to extend their work on a
further 1nvest1gatnon of actual Shlp 8 data’

It should be added that neither the'ore carrier, whnch is.
ten years old,nor the container ship, which-is f1ve years old,
apparently suffer from fatigue. : Co

Mr P. R, Christopher, B.Sc.(Member): It.is obvious from the -
controversial statements which:occur. in this paper in re-
lationto theinfluence of increased strength and.of mean stress, -
that all is far.from being understood. ‘This applies to the ::
propagation of cracks: in both small and large specimens, -
There is.clearly some ambiguity as to how to apply cumula-:
tive loading and what effect it has. It is said that random
loading is a good thing because- it produces cracks where-
otherwise one would not expect to find them, but it may be -
difficult to do this with large specimens. There is the in- -
fluence of corrosion which gives rise to the possible effects
of blunting’ cracks and the adverse effects of corrosnon fatigue
activ1ty

Professor Nlbber.mg ma.kes the usual assumptnon these days
that all attention should be focussed on crack propagation, * .
and this is taken forward in.his, experiments. Initiation, he
says, may not take long at all in way of .sharp defects. How- -
ever,the fact is that this may be appreciable in many in-
stances;and one has to remember that propagation can be *
muchi’ influenced by changes iri mean stress. A drop in mean
stress at’ constant stress 1ntensity range can’ cause a delay
to crack propagation :

1 admnre the scale and detail of this co- operatnve programme
that is taking place on various types-of structural connec- ...
tions. It shows a determmatlon to get much 1nformatnon ex- .
perunentally and theoretically I note the. pa.rt that .is being
played both by universnties and by technical.institutions. One
wonders why in this’ country we-have not a similar programme
or have not participated in.the present one. A comprehensive
programme has, in fact, been set up in relation to offshore
applications by the Department of Energy.. . '

Important issues which underlie the statements made in this '
paper with respect to the values of m' (véry high in the case
of the Belgian repeated axial loading experiments), are the
effects ‘of mean stress and whether or not crack ¢losure
occurs, the yield stress and cumulative dainage on the mode
of fracture and the way in which. this is influenced in different
types of steels. If the mode of fracture, which could imply
ductile ‘areas or, striations and brittle elements, is. important
then it is clear that the conclusions the authors are trying

to draw might be cast in a more general and, perhaps, mean-
ingful light. Certainly -one might suspect, for instance, that
higher yield stress is less sensitive to mean stress effects .
at any life to failure in all.cases. - - . ', ~i*

The authors have considered fracture mechanics in relation
to small and large specimens and have a.good.deal of data.
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I.should like to ask to:what extent they have been able to
relate them ‘all bearing in mind conclusion (v). If fatigue
cracks.do occur in ships it might be worth while considering
how the actual vessels might be used as fatigue experiments .
since-they clearly apply the right sort of programmed loading
with regard to amplitude -and time. This could be.done by
monitoring actual cracks, in fail safe situations, or by per-
haps erecting ancillary structures on the ships which could.
follow the strains in the seaway. I was impressed by Pro-
fessor Nnbbermg 8 calculations 'on the various effects of
growth in relation to Miner's Rule. We seem to be more cer-
tain as'to what is conservatnve but in some cases this could
be restrictive.

I think it is time that we had a paper, perhaps before this
Institution, summarising exactly what evidence we have on
fatigue cracks in ships. I suspect,from what Professor Nib-
bering has told us, that there is evidence, not generally known,
which ought to be published. There is much evidenoe pub-
lished with respect to brittle fracture and there are' even
instructions as to what to do when seafaring men find a brittle
crack. .

I was intrigued by one statement in the paper which I think
deserves more explanation. In Section 2. 2 it is stated: "It
may be concluded that for modern ships, madé of excellent
fine grain steels, small cracks are often more dangerous
than long ones'. I imagine that the authors mnght wish to
amplify this apparent anomaly. :

Professor E. V. Te].fer, Ph.D.,D.Sc. (Fellow): The excellent
and extensive list of references appended to the authors'
paper can be historically improved by the addition of a
reference to Thearle's (1913) and to Haigh's (1939) Institu-
tion papers. Both can rightly be regarded as pioneering
efforts and as demonstrating how long the subject of fatigue .
has béen at least a matter of awareness in the shnpbunldmg .
industry. ‘ o

In presenting his paper Professor Nibbering made an in- .
teresting allusion to Mr Ross Belch's paper at these Spring
Meetings and pa.rtncularly to Mr'Belch's use of a welded
overlap construction in the transverses as-shown in the
latter's Fig. 5. Professor Nibbering, regarded this overlap
as being essentially equivalent to a welded crack design
and presumably, therefore, not entirely acceptable ? If my
interpretation of Professor Nibbering's remark is correct
then I am nhot sure that I necessarnly agree with him. For
example, I am sure that not all cracks, designed or acciden-
tal; are inevitably dangerous. Consnder in this connection the
case of a butt-welded sheer strake. If X-ray analysis shows
the presence of cracks disposed along the butt, service
stressing will open out the cracks and lead to the rapid des-

for fatigue testing all sharp corners should be sensibly re-
moved before any testing starts. The neglect of this pre-
caution could easily falsify the lessons of the whole test.

To ¢onclude, I trust that Professor Nnbbermg will find my
remarks not too irrelevant. I belleve that successful rlvetmg
practice has much to pass on to modern weldmg practice and
design. In partlcular where a welded detail has persistently
failed, it is always useful to examine why its. riveted pre-
decessor could even have proved successful.

- '
i

Professor E. R. Steneroth (Member): From earlier discus-
sions between Professor Nibbering and myself, I know that
we have different opinions about the importance of crack
initiation and propagation. I feel it is very important to know
that crack propagation is not dangerous, but what we would
now like to see are structures which give no initiation of
cracks. For example, Figs. 10 and 11 in my opinion show a
propagation situation because the defects which they have
should not exist. Of course, we have always to realise the
possibility of their existence, but what we do in real ship
structures is to look, as much as possible, for any defects
in the structure at stress concentrations where one might
get the stress amplitudes which exist in the Figures. Those

" are not representative for nominal stress figures in the ’

main hull girders.

"~ About efght years ago I presented some views about the

situation in respect of fatigue cracks. This was the result
of several years' discussions with the late Mr Murray. If it
were possible to decide the curves for real full-scale ship
structurés with their detailed design and workmanship, I
think that, based upon aircraft engineering investigations, it
would be possible to get figures such as I presented in that
paper. These indicate that for longer lives there is about
the same endurance strength for high tensile and mild steel,
but at shorter lives a clear difference should be found be- -
cause of the much higher yield point for the high tensile steel.
Considering then the long-term distribution of stresses one
must neceéssarily, in my opinion, expect a better fatigue life
for the high tensile structure. How much we do not know, but
I think it is impossible to avoid this conclusion.

It is stated in the paper that the material is damaged in front
of the crack and therefore there will be a faster crack pro-
pagation the longer the initiation time. I do not agree, because
we are talking about nominal stresses; if we were talking
about microscopic local stresses, it might be otherwise. I

do not see that one should expect a faster rate of crack pro-
pagation in the two different cases, short or long initiation
time, if the nominal stresses: are the same.

truction of the joint. On the other hand if the cracks were
disposed across the weld, or in the limit the joint was closely
tack-welded, there could bé no serious crack-spread which
service stressing could precipitate. To return to the riveted
alternative, surely the space between rivets is, in welded
parlance, a crack but to condemn rivetings on thns account
would hardly receivé much practical endorsement!

That cracks can have many ‘built-in' causes was brought
home to me many years ago when I was watching a hatch
side girder being flanged in the hydraulic press. I got the
impression that the plater doing the work was somewhat
loath to continue as long as I was watching. However, once
the flanging had reached to an angle of about 40°, the plater
then proceeded to file away the outer corner of the plate in
way of the flange radius at each end of the plate, finally pro-
ducing well-rounded outer corners. The flanging was then
completed and was an excellent job.

This example certainly taught me that all sharp corners sub-
ject to high stress magnification, such as slotting through
transverses for the passage of longitudinals, could have this
stress magnification greatly reduced by filing away the sharp
corners where this magnification is greatest and from which
corner cracks invariably emanate. As a corollary to this it
follows that when structural test-pieces are being prepared

noting in Section 2. 1 the reference to a paper in our past
Transactions in which it was argued that in the OCEAN VUL-
CAN there were no fatigue cracks. Having been associated
closely with the structural investigations on this ship. it is
my firm recollection that significant fatigue cracks were
observed around certain discontinuities and I am sure that
the records will confirm this.

The comments regarding the serious limitations on the
applicability of the Palmgren-Miner Rule are of considerable
importance and the authors have put this into perspective. 1
would be interested to know whether some of the conclusions
in the paper would be equally applicable to some of the less
redundant offshore structures we have having to deal with
these days.

Having said that,I am sure that Professor Nibbering and
Mr Scholte must have been very well satisfied with the in-
terest the paper has generated, as must also the Institution.
Obviously we shall be getting more written contributions. I
ask you to express your thanks to the authors.

The vote of thanks to the authorvs proposed by the Chazrman
was carried with acclamation.
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WRITTEN DISCUSSION

Professor Dr S, Marsich (Fellow): The results of tests
carried out in Italy and Belgium on specimens under bending
load will be reported in detail by Professor Nibbering, as
.indicated in the Introduction. However, it would be interesting
to anticipate part of the results obtained in Italy to show both
the equipment employed and the criteria used to define the
numbers of cycles at which cracking commenced.

The test specimens, of which there were seven, were as
shown in Fig. 24. Three were of Italian construction, made of
HTS steel, and the other four were of Dutch construction. The
steel of the latter four, of Belgian production, was St. 52

grade DH 36 Nb.

200
100 , i0g

L_.;,a

Mn4

The first three Italian specimens were submitted to a simple
alternating bending moment between +150 and —85 N/mm?2,
but because of cracking in the welded seams, it was not pos-
sible to make use of the results of these tests. In order to
obviate this, 12 new specimens were manufactured; the col-
laboration of the authors was kindly promised and will be
required as soon as these tests begin.

The four specimens of Dutch construction were submitted to
a programmed bending moment according to the scheme
shown in Fig. 7 with the difference that the values 90 and 180
were increased to 100 and 200 N/mm2. The numbers of
cycles at which cracks started are shown in Fig. 25. The
detection of a crack in the early stages of development has
been made possible with the aid of electrical strain gauges.
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The relevant strains were read at regular intervals during
the specimen life and measured strain values were taped by
means of an HP 2115 B computer.

As an example, Fig. 26 shows the decrease of maximum
strain measured by strain gauge No.31 of model 5 as the
number of cycles increased. It clearly shows the decrease
of strain starting from 0-71 X N cycles, Np being the num-
ber of cycles at which the test was stopped. It was therefore
possible to show in Fig. 27 the growth of the length of the
crack starting from 0: 71 X Ny cycles—point A—as obtained
from Fig. 26. Finally, Fig. 28 shows the output of a strain
gauge during one load cycle at different numbers of cycles.
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Professor H, Petershagen and Dipl Ing H. Paetzold: In addi-
tion. to the German tests mentioned in the paper, crack:-pro-
pagation measurements have beén performed with specimens
as shown in Fig. 10. For this purpose a measuring device
was developed: Crack propagation is measured by means of
an electro-magnetic sensor, following the crack tip auto-
matically. Presently single level fatigue tests can be re-
‘corded, application in multiple level fatigue tests is planned.
Evaluation-of single level fatigue tests according to the Ak-
concept with P min/P max = 0 and*P min/P max =—1 showed
different m-values. For the HTS steel DH 36 Nb, a linear
-relation between log da/dn and log Ak was-faund for Ak <1800
N mm-a/z

In Section 5 the authors state that m is not constant over the
whole crack propagatioh period: In the high range of Ak-
values this is due to the fact that the plastic zone at the crack
tip is no longer small against the crack length. In the tests
with HTS steel DH 36 Nb, this .is apparently the case with
Ak-values beyond the a.m. limit of 1800 N mm~3/2, The log
C/m-valies obtained fitted quite well with those of Fig, 16.
The line.for P min/P max = —1 given in Fig. 16: was also -
confirmed by other data from the-literature.

'
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life (until crack initiation) to be established, according to
the Palmgren-Miner Rule. '

Application of the above procedure has given good correla-
tion with. fatigue failures from ships in service and it is note-
worthy that this approach.does result in a variable. safety

factor with respect to crack initiation and at the same time,

this method remains acceptable in line with current ideas
of crack propagation (up to crack lengths of one metre).

It is our opinion that the acce'ptability of the present Bureau.
Veritas approa’ch has a foundation in the following-points:

(i) - Fatigue acceleratlon due to corrosion or the cumulative
- effect of random stresses in excess of the Palmgren-
'Mlner Rule are taken into conslderatlon

(i) We have obtained a better parallellsm between crack
initiation curves and crack propagation curves in associ-
ation with constant strain loadings (it is to be remem-
bered that local cracking does not, in general, affect the
overall constant strain loading within the system).

(iii) Our method seems to display very clearly the relatlvely B

rapid crack growth which can result from a few severe’
weather voyages.

However, and in company with the authors, we'are left with
two major unknown quantities associated w1th fatigue analysis
in service, and these are:

(a) the measurement of the sea-states actually encountered
by the ship during her life-time.

(b) the local.stress intensification factors.

With regard to sérvice sea-state definitions, since 1972
Bureau Veritas has instigated.a programme of automatic
motion measurements in association with a statistical stress
counter, this-data collection system being operated on several
ships on a real time basis. Analysis of this programme is

.proceeding and the Society-is readily accumulating fatigue

service. experlence on classed ships.

With regard to local stress intensification factors, it is. un-
doubtedly the case that the constant amplitude loadmg tests,
as suggested by Professor Nibbering and Mr Scholte, will
result in a large extension. of existing knowledge concerning
the intricacies of fatigue in ships. The authorsare to be.
congratulated on this valuable paper. '

Ir F.X. P.Soejadi: Particularly as a member of the ISSC
Committee on Design Loads, I take a.great interest in this
timely paper. My special attentlon was drawn to Sectlon 7.3,
where the authors state 'apart from other objectlons it must

49. Hanel,J.J.: 'Schwingfestigkeit und RiSfortschreitung von
eigenspannungsbehafteten Riistiben aus St 52 unter
Einstufenbelastung'. Institut.fiir Statik und Stahlbau der
TH Darmstadt Heft 19,1972, '

Mr M. D. Hure: This-paper gives a very detailed and accurate
analysis of a large series of fatigue investigations. and the
authors have made a very good attempt to.present these new
data in a simple.form:directly available for the estimation

of the fatigue life of hull structures. However, it must be
remarked-that the general result is to present an intricate
and involved summary of these new fatigue data.

Within Bureau Veritas, extensive interest and study does
proceed on:fatigue analyses and prediction.. Presently we use
a very simplified -method of fatigue life prediction: which in=
volves the adoption of' ASME. Codes covering nuclear pres-
sure vessels—these data being concerned more with crack
initiation under constant strain - loading conditions, but also
including the effect of maximum mean stresses. Normally,
these ASME data are-applied with reduction. factors arising
from either strain gauge measurements or fatigue results
from ships in service. It is then usual for the safe fatigue - -

" be emphasised that a ship is not a randomly loaded struc=

ture'. I would appreciate the authors" specification regarding
the 'other objections' as well as concerning 'what has been
emphasised'.

The still water stress can be, cons1dered as a non-random-
l1oad, but ta.klng it as having a' constant magnltude during one :
voyage (as in the proposed procedures —Fig. 23) is a sim-
plification which is too general in my opinion, especially in
the light of the first author's very own views that, in-order

to obtain the correct loading line (Fig. 11), every factor which
may affect enlargements of peak-to-trough values must be
accounted, for(D; a shift of the still water stress level is

one of these factors Because of the low frequency of the
enlargements by a variation of the still water stress level,
the long-term loading line will hardly be affected; but each
occurrence will affect: the magnitude of the (short term) RMS
value This is relevant since the proposed procedures make
use of RMS values. .

As an illustration of .a possible variation of the still water
stress level one of the figures concerned(® is given as
Fig.29. Of course one cannot generalise-on the grounds.of .
this particular example, therefore a statistical study of the
trend of the still water stresses may'be adv1sable such as

‘was.done by Ivanov and Madjarov(5D,
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Fig.29. Typical Voyage Variation of Midship Vertical Bending Stress, ss R. G. FOLLIS
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Mr A. T.Ractliffe, M. A., Ph.D, (Member): The establishment
of design guidelines for fatigue is bedevilled not only by the
large number of factors which are relevant, but also by the
variability of experimental data. This may arise both from
scatter in the results from one type of machine and speci-
men, and also variations arising from the use of different
machines in different research institutions. The significance
of fatigue data can therefore only be analysed on a statistical
basis and the results assessed at specified confidence levels,
employing information drawn from all available sources. I
question the possibility of drawing significant conclusions
from the authors' results without further information on
their statistical variance. The lack of significant correla-
tion between fatigue strength and static strength is obvious on
Fig. 11 and this result alone must affect the confidence with
which we can accept the authors' asseveration that the fatigue
strength of St. 52 is 10-15% better than St.42. Dr L.D. Ivanov,
Head of the Department of Naval Architecture at the Higher
Mechanical Electrotechnical Institute in Varna, Bulgaria
quoted fatigue data published by Professor V.V. Kozliakov (52
during discussions at Newcastle University.
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For a series of sister ships the following data are given:

TABLE Il

to

Length of

Type of steel ship (m) to +t,
mild 138 0-93
mild 120 0-93
H.T. 156 0- 80
H.T. 115 0-81

where ty = time in operation
ty = time under repair

This corroborates the generally held view that higher
strength steels offer no additional fatigue strength.

It has generally been recognised among civil engineers that
the most advanced fatigue design rules are embodied in
BS153. The commonest criticism of them is that they are
too complicated when compared with American and Continen-
tai codes. This is a reflection of the fact that fatigue is a
complex problem, but nevertheless it is important to strike

a reasonable balance between accurate complexity and in-
accurate simplicity. The Welding Institute has recently made
tentative new proposals{53) which are clear, simple and
statistically significant. They presuppose, of course, a safe-
life philosophy, but this does not preclude a fail-safe approach
as well,
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Mr M. M. El Gammal, M.Sc. (Member): The work presented
in this paper summarises the efforts that have been carried
out in the field of fatigue in ship structural components. I
would like to congratulate the authors for this intensive
piece of work which is a major contribution to the rational
design of ship structures against fatigue cracks.

However, there are some points raised in this paper which
need further clarification, For example was the optimistic
idea about the advantage of using higher strength steel over
mild steel based on crack propagation considerations or the
total number of cycles to failure ? For instance the work
carried out in Ref, 54 involved tests which have been carried
out using both mild and high strength steels. Table IV shows
the dimensions and the mechanical properties of the plate
material considered in this investigation, The results are
plotted in Fig.30, From this figure, Fig. 31 was produced.
From Fig. 30 it may be concluded that the total number of
cycles to failure of the high strength steel is higher than
that of the mild steel, though the crack propagation period
for both was found to be nearly the same, see Fig, 31.

Also the problem of residual stresses due to welding and the
different fabrication processes has been dealt with in a more
qualitative rather than quantitative way. The authors noticed
that residual stresses are more important for crack propa-
gation than for crack initiation, which may raise the following
question in the minds of the design engineers: does it mean
that the safe-life concept must be applied in welded struc-
tural ship components ? A fracture criterion which includes
the effect of residual stresses is therefore needed so as to
explain and to help in understanding the fatigue fracture prob-
lem,

A great deal of research work has to be carried out in order
to correlate the mass of data presented in this paper with
that gained from experience. Most of the fatigue crack pro-
pagation equations which have been derived so far take into
account only the geometry and load factors(5%, The ma-
terial properties (e.g. the modulus of elasticity, the yield
stress of the material and the fracture toughness index para-
meter) and the environmental conditions (e.g. the stress rate
and the strain rate) have been difficult to take into considera-
tion in the Paris-Erdogan equation. Apparently the previously
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of Cycles to Fracture),
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max
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—log o
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——+logN

Fig.30 Crack Initiation and the Total Number of Cycles to
Failure for Mild and High Strength Steels, Ref. 54
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max

—loga
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Fig.31 Crack Propagation Periods for Mild and High
Strength Steels

mentioned factors have been included in the material con-
stant 'C’ in equation (1) (55);
da
— = C[ak]™ 1
o = Clax] (1
In order to relate the factor 'C' to the different parameters
stated above, equation (2) has been assumed (56);
C =(Y,E, K., m) (2)
where
Y is the yield stress of the material
E is the modulus of elasticity
K¢ is the fracture toughness index parameter measured
at a certain temperature and in a specified environment

m  is the exponent in the relationship N =y og™, Fig. 32

tan'm

leg o

b log v 4 log N

Fig.32 Definition of Notation used in the Relationship
N =y og™, Ref. 56

op is the stress range

N is the corresponding number of cycles to failure

v  is the intercept, or the endurance at a stress range equal
to unity,

Using dimensional analysis one can obtain equation (3):

1

C=—
EY[KC]n

®3)
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TABLE IV Materlal Properttes and Dtmensions for the Plates Used in Tests, Ref. 84

Material-Properttes and- Plate Dtmenstons

Item Mild Steel Plates

2-14 X 104{kg/mm?)

High Strength Plates

Modulus of Elasticity 212 X 104(kg/mm?)

Yteld Strength 27- 3(kg/mm?)- 56- 6(ke/mm?)
Breai(ing Strength -46- 2(kg/mm?) 64-8(kg/mm?)
Elongation 39-0% 28. 8%
Reduction of Area 7159 17-6%

820(mm) X 200(mm).X
-17(mm} or 12(mm) -

Length X Width
X Thickness

820(mm) X 200(mm) X
20(mm) or 12(mm)

where ’n’ in equation (3) has value of ’'m-=2’, Hence:
da _ [akm
dN _.EY[K.]m-2

In order to check the validity of the value of the constant *C?
given by equation (3), a plot has been made from Fig. 16, as
-shown in Fig. 33, The values of Y, K and E for. grade E
steel have been used. Fairly good agreement is'apparent‘
although equations (3) and (4) were produced for a variable
amplitude of cyclic loading,

()

_— \
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10 \ 'K, = 360’kg/mm¥?
10 Y =34.0-kg/mm?

E =2:0.x10% kg/mm? -
© —15 - : ]
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—20
o 10
=25
10 N\

-30
10 : N\
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—40 -
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1. 2 . & 6 8 10 12 14
——m

Fig.33 Plot of Estimated C Value Obtained from the Re-

1 . .
—————— Against that Obtained
EY[K ™2 © ne

experlmentally, see Fig, 16

lationship C =

Though the Paris- -Erdogan law, equatlon (1), has-been- de—
rived for constant amplitude’ stress ‘cases, it:has been '
applied to variable amplitude stress spectra. Perhaps this
may be due to the simplicity in using this law, which'incor-
porates Miner’s Rule of cumulative crack growth. A modi-
fication to the-linear cumulative crack growth idea was pro-
posed by Wheeler(5?, for improving the accuracy of crack .
growth predictions in metal subjected to variable amplitude
-cyclic loading. This modification incorporates a considera-
tion of prior load history by taking into-account the yield:
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54, Kinoshita, M., Kono, K. and Shingal, K.:

56, ElGammal M. M.:

zone ahead -of the crack-tip. The question now is, could
Wheeler’s model be. applied to, ship structural components?
In the writer’s view, if the fail-safe concept is to be applied,
then one must take' mto account the effect of the loading his-
tory: in the estlmatlon of the fatigue life of cracked sh1p
structural components.
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AUTHORS' REPLY

It is'encouraging that Mr Taylor agrees to a’ large extent
with the contents of the-paper. Support-for the idea of ‘having
standard: loading patterns is particularly- welcome-when it
comes from a classification society expert The difficulty in
connection with.an ?average’ behaviour is that an assumed
*average’ programme may in reality be a rather mild or a
severe one. Only after testing of an’ appreciable number of
alternatives. may we-kiiow the real value. Another—more °
conservative—approach’ would be to.stipulate a ’severe’ pro-
gramme This is easier ‘to.do with the existing knowledge. '
The probability- that a ship-will be loaded more or:less in
conformity with that programme can be -determined by load—-
ing experts : .

The - saIety of ships depends to a large extent on the-resistance
of ship materials to brittle fracture. Mr Spuyman is con-- *
cerned about the danger of brittle fracture when fatigue -is-
involved, Fortunately the chance that a brittle crack will,
start at a fatigue crack.is very small. The reason is that
not only are-extreme-conditions .from the viewpoint .of temp-
erature and loading required, but ‘also an extremely low
quality of material at the.crack tip. The latter depends -
very much on the pos1tlon of the' tip. Generally, only during a
small percentage of the lifetime of the ship will a crack be
situated in material of eventually low quality in the welded:
region, (see Fig. 5). The combined probability of occurrence
of the latter and extreme weather conditions is very small,

It may be calculated with the aid of Wohler-curves for small
crack lengths and weather data. It is thought that the curves
for 5 mm crack length are.useful in this respect (8),-

Mr Spuyman’s question ‘about: flame cut edges is very: t1mely
because only recently we have found the answer. With
modern flame cutting machines edges with very good fatigue
strengths may be obtained. ‘Fatigue strength drops appreci-
ably when defects are present, but only ‘in special cases is
there a need to remove these by local grinding (never by
weld-repair). More information may be found in a paper
presented during the joint RINA/Welding Institute con- -
ference(58), Fig,23-g was a little mlsleadlng in the advance
copy because only one-loading block was indicated instead:.
of one for each voyage, as was the intention. This has now -

‘been rectified. The observations of Professor Lewis support

our general views in connection with fatigue. This is particu-
larly welcome, because Professor Lewis has always had an
open.eye for structural design philosophy, next.to his impor:
tant work in connection with' ship loads;- Already .in 1958 he
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and Dr Gerard edited the book 'A long range Research Pro-
gram in Ship Structural Design’, in which fatigue appeared
as one of the important research objects.

Professor Aertssen's contribution paves the way far a con-
frontation of our experimental results with practical ex-
perience. This indeed is still a missing link! The calculated
mean stresses in his Table II vary considerably which justi-
fies the emphasis laid on these in the paper. For the ore
carrier the situation in the loaded condition corresponds to
repeated loading (R = 0), while in the ballast condition it is
alternating loading (R =—1). We had not expécted that a
difference in draught of no more than 4 ft in a container ship
would be accompanied by changes of mean stress from. +3- 1
to +8-1 kg/mm2. For such cases the use of the higher
strength Steel 52 is of course strongly recommended. It is
fortunate that both ships have not suffered from fatigue, but for
the purpose of scientific analysis it constitutes a drawback!
It would be of great interest to know in which of the ships
fatigue cracks are found first; we hope Professor Aertssen
will keep us informed and that similar information will be
given by Mr Huré of Bureau Veritas, when the investigations
‘concerned permit this.

The next point is whether the good performance of both ships
is in accordance with what might be predicted from our data.
Following Professor Aertssen's approach we may plot at

2-5 X 104 cycles the range-values of Table II in Fig. 13 (R =
0; 5 mm crack length; curves 1), Fig. 20 (R = ,; 5 mm) or '
Fig.21 (R = —%%; 20 mm). In Fig. 13 for curves 1 a value of
125 N/mm? is found at 2-5 X 104 cycles. For the ore carrier
the corresponding value is 123 N/mm2. From this it may be
concluded roughly that cracking will not occur during the
ship's life. One could infer that cracks would appear sooner
in the container ship, but it may be assumed that the struc-
tural configuration is of higher quality than that represented
by the bracketed A-type specimen. But even for the latter
type of structure there is no need for great concern because
the data are valid for 5 mm crack length. In Fig. 14 it can
be seen that a change of critical crack length from 5 mm to
20 mm (=500 mm2) allows an increase in permissible stress
level of some 25 N/mm2 leading to 125 + 25 = 150 N/mm2.
This value is close to those of Table II for the containership
(16-2 and 15°8 kg/mm2). But, as Professor Aertssen sug-
gests, the use of St. 52 in the container ship is largely re-
sponsible for her good performance. The loading of that ship
conforms well to the type which in the experiments gave far
better results for ‘St. 52 than for St.42.

We strongly support Mr Christopher's wish for information
about fatigue-cracking in ships. Exaggerating the situation
a little we might say that in' the few cases that we are in~
formed about nix'n;bers and lengths of cracks, we know little

their lives. But mostly the reverse is true: we often know

a lot about the loads but little about the fatigue performance.
Professor Aertssen has made a step in the right direction in
giving information from both sides. Mr Christopher's sug-
gestion for monitoring fatigue cracks is the best thing to do.
It will probably be done’in the near future in offshore struc-
tures. Mr Christopher's observation about the importance
.of a high yield stress for any type of failure is supported

by the results of the experiments at low temperature. Brittle
fractures could only develop after the nominal stresses be-
came equal to yield point, (tést temperature —35°C).

The application of fracture mechanics in order to relate re-
sults of small simple specimens with those of large struc-
tural ones has been promising. It seems advisable to use as
significant stress values those which exist fairly close to

the crack origins. We have called them 'local nominal
values'. In Fig. 18 they are the values obtained from gauges
2; the corresponding curves are indicated by the roman
number II. For reasons of available time and money we have
not been able to calculate the stress distributions in the
specimens with the aid of finite elements. Yet is is the only
possible method for obtaining reliable stress intensity values
for different crack lengths in complex structures. On the
other hand, when Fig. 19 is studied, one may doubt the need

for great accuracy in stress calculations. For-even for such
well-defined cases as bending and axial loading of plate
specimens with R =0, fracture mechanics did not help to
bring the curves I and III close together. The statement
about fine grain steels has been made in connection with high
heat-input welding. For instance one-pass Electrogas and
Electroslag welding may give rise to extreme grain coar-
sening in the parent metal adjacent to the fusion line. The
width of that zone is only 2 or 3 mm. The notch toughness

is extremely low. Charpy transition temperatures of +20°C
to +40°C at 3-5 kgm/cm?2 are quite normal. In such cases a
small transverse weld crack, extended by cyclic loading, may
give rise to brittle fracture as long as its tip is situated in the
coarse grained zone. But as soon as it has left the zone it
enters a region of high toughness and may grow over the
whole plate width without endangering the ship. The point has
been illustrated in Fig. 5. The relevant experimental results
can be found in Ref. 12.

Professor Telfer is right when he has understood from the
presentation that a welded overlap is thought to be equivalent
to a crack. But in agreement with him I mentioned it as an
example of what may exist in ships without danger. An ex-
treme example of how far shipbuilders and owners went on
this way in the past are expansion joints in deckhouses of
passenger ships. It may interest Professor Telfér that
although an important part of our work is devoted to welding,
the modern form of riveting (being bolting) may sometimes
constitute a safer method of connecting structural parts,
especially in difficult circumstanceés. We particularly think
of erection of offshore structures at sea. Friction forces
between plates are responsible for high joint efficiencies,
while at the same time guaranteeing flexibility. The problem
with grinding of sharp corners in test specimens is that on
one hand it greatly reduces scatter, and so the required nim-
ber of specimens, but on the other hand makes the specimens
less realistic. Our approach has been to simulate average
shipbuilding practice.

We do not feel that Professor Steneroth and ourselves are
really of different opinions. It is more a matter of empha-
sis. Maybe the consequences of both possible approaches
are most serious for the attitudes people take in connection
with cracks. When cracks are accepted in design they will
gradually also be looked upon as normal things in‘practice.
Then it may save costs in both ways: lighter structures and
fewer repairs. Professor Steneroth has made thorough con-
tributions to the problem of fatigue in shipbuilding, both in
the ISCC and in the RINA. His eight year old conviction (or
older) that a better fatigue life must be expected for the
high tensile steel structure has been well confirmed by the
results given in our paper, despite some conflicting data. Our

or-nothing-about-the-loads-the-particular-ships-have-met-in——gtaterment that there will be-f aster crack Propagation the

longer the inijtiation time has two aspects. The first is that

in a smooth specimen a fatigue crack can only start after a
high number of load cycles which will cause fatigue damage of
the uncracked material. Due to that the resistance to crack
propagation of that material will be reduced and the crack
will propagate faster than in metal which has been less
damaged prior to crack formation. In fact Miner's Rule is
based on similar considerations.

Of course the whole fatigue life of a smooth specimen will be
many times larger than that of a severely notched one.. We
fully agree with Professor Steneroth that it pays to stream-
line and grind important structural details like -hatch cor-
ners. It is always difficult to say that one is glad to hear
that fatigue cracks have been found in a ship. But in the case
Dr Johnson mentioned, viz, the OCEAN VULCAN, our satis-
faction may be interpreted in another way, namely that the
ship has proved that cracks are mostly unharmful, for the
OCEAN VULCAN-—as so many others—has not fractured in
two. ’

For offshore structures:the crack-design philosophy may in-
deed be followed less consequently than for ships as Dr
Johnson suggests. This is not only connected to less redun-
dancy, but also to inspection difficulties.
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It is particularly fortunate that Professor Petershagen and
Mr Paetzold have continued their part of the programme be-
yond their contractual obligations. It is of great interest that
their results confirm the m-log C. relationship. of the Belgian
data. The fact that m is not constant over the whole cracking
period is certainly partly caused by the neglection of the plas-
tic zone size-at high Ak values, But whenappropriate.corrections
are made, the curves for lower and higher Ak values do not
come completely in line. Apparently other factors, like strain
hardening or softening also play a role. It is hoped that Pro-~
fessor Petershagen—who has largely stimulated the. co-opera-
tive effort and contributed actively to the philosophical back-
ground—and Mr Paetzold will soon be able to publish their - -
new results..

Profesésor Marsich has been so kind to give some information
abouit that part of the co-operative investigation, which due to
unforeseen difficulties during the testing, could not be inclu-
ded in the paper. With some caution, the results of the Italian
test programmeé may be plotted in F1g 20 for R =—13,. Then
they should be compared with the curves numbered 2 of the
French bracketed specimens and the brackets of the Dutch
specimens. It can be concluded that the difference in struc-
tural design between the Italian spec1mens and those of Fig,
20 is responsible for a difference in level of permiss1ble
stresses by a factor of at least 2.

‘Mr Huré is in a better position than most designers when a
method has to be chosen for the calculation of the fatigue life
of a ship. He has the great, advantage of information about
the fatigue performance of ships. It is our conviction that,
for the time being, a simple calculation method regularly
adjusted by feedback from practical experience is more
reliable and thus valuable than a more sophisticated pro-

cedure totally based on theories and laboratory investigations.

This is in line with Mr Christopher's opinion which might be
translated into: there is no better laboratory than the sea
and no better specimen that an actual ship. It is hoped that
his, and our, wish for data obtained in practice will 'be met
by Bureau Veritas and of course by the other classification
societies. Mr Huré's third point in which the rapid crack
growth caused by a few severe weather voyages is noted is of
particular interest to us, since the simple test programme: of
Fig. 7 includes a part wh1ch represents very bad weather (50 -
cycles of 185 resp. 222 N/mm2). In Delft we are now carry-
ing out experiments with a programme in which these high
loads have been excluded in order to see whether the shift-
ing of the mean stresses or these high.loads was responsible
for the large difference between St. 42 and St.52. Mr Soejadi
asks why random loading for fatigue testing is not advisable
in the case of ships. In the extreme, random loading is com-
pletely undefined. But that is not of interest for ships be-
cause we know that seawaves obey certain statistical laws.
For ships we :can speak about stochastic loading which con-
sists of loading-cycles conforming to certain statistically de-
finable distributions. The sequence of these cycles may be
seen as random.

It is the same. as saying that the phase-differences between.
the sinusoidal components of a certain wave spectrum are
completely random. Another objection is that a ship acts as
a filter with respect to the loads caused by sea-waves. A’
ship is more than a puppet in the hands of the sea. This
applies to classic longitudinal bending but also, and very
clearly,to springing. On the other hand wave spectra are
dlfferent in’ shape for dlfferent parts of the world.

Finally, ships are handled by men who consciously or sub-
consciously react upon the wave loads, slamming, springing,
vibrations etc. by changing course or reduc1ng speed The
authors are grateful for Mr Soejadi's observations in con-
-nection with changes of still water stresses, They show
that we did not exaggarate when stating that these changes
form an important part of the total load system. Of course
for the sake of argument we had to simplify the loading
state.
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Dr Ractliffe is right when he asks for more information
about scatter of the experimental results. In thé present
paper we preferred to deal with the state of affairs rather
than giving exhaustive data. These can be found in Ref. 8,
especially in Appendix II. A'full statistical treatment, how:
ever, is hardly poss1ble for experiments concentrated on ,
crack propagation. ‘One problem is how to distinguish be- .
tween scatter inherent to fatigue testing, and scatter caused
by possible inaccuracy ‘in fabrication of structural speci-
mens, observation of crack growth, personal care in evalua-
ting experlmental results etc. We preferred to treat our ex-
perimental data in such a way that by cross- referencing and
combining individual data, the utmost reliability and accu-
racy of the crack propagatlon curves was obtained. Deviating
results were related to the geometry of the specimens and
their welds and fatigue crack configuration. The point in con-
nection with Fig. 11 is not convincing. Firstly the figure ends
at 1000 cycles and not at ¥,. Secondly it is thought to be
wrong to apply a form of curve- fitting which might violate '
the experimental results, These should be presented as .
they have emerged from experiments and analysis.

The greatest merit of fatigue design rules is that they offer
a'basis for comparisons between alternative designs. Whether
or not the predicted fatigue lives are real is often of secon-
dary importance. Most of the structures designed with the

. aid of these rules will be quite safe, even too safe;a few will

give trouble, This gives evidence that the rules do not in-
corporate-all relevant parameters. But as long as everybody
has to work with them, nobody will feel unhappy. This is one
of the reasons that Miner's Rule is still popular. Dr Ract- " -
liffe will immediately admit that there is an enormous dif--
ference between the loading of bridges on one hand and of
marine structures on the other hand, yet BS 153 is gaily
applied to the latter.. The main objection to it is that many
structural designers believe that the calculated result is
real, while it is ficticious. . ;

In reply to Mr El' Gammal's first question, attention is drawn
toFigs. 14 and 15. From these it is clear that the advantage
of St. 52 over St. 42 is caused by the better resistance to
crack propagation of the former. The Belgian results for
unwelded notched plates permit the same conclusion.

Concerning the influence of residual stresses it has been
stated in the paper that they'may have an adverse effect,
particularly in the early stages of crack development. The
intention was to say that this effect will be felt as long as

the crack is present in the——generally small—reglon of ten-
sile residual stresses. This includes the stage of micro-
cracking and so the crack.initiation period. On the other .
hand a fracture calculation should also take into account that
soon after crack development compressive residual stresses
may often exert a beneficial influence. '

Mr E]l Gammal's adjustment of the crack propagation formula
to material parameters leads to a surprisingly good agree-
ment with our data in Fig. 16. We certainly will apply this
treatment to other experimental'results We agree with Mr
El Gammal that prior load history should be taken into '
account when estimating fatlgue life. But Miner's Rule is
already a kind of cumulative damage rule. Maybe some .
shortcomings of the rule mentioned in the paper in-connection
with crack propagation are more or less met in Wheeler's
model. But in our opinion for the crack propagation stage an
approach basically different from Miner's should be found.
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